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CORRELATION OF NOISY IMAGES

INTRODUCTION

Purpose * The purpose of this study was to simulate star-shaped patterns
and to observe whether any effects on correlation occurred between an "ideal"
pattern -.nd a "real" pattern when different factors affecting the pattern were
varied.,

Background 0 Real-world guidance systems (i.e. self-guided missiles)
often determine their course of motion by taking continuous Images of their
surroundings, correlating these imiages with a "target" image contained within
the system, and altering the course of motion (if i~ecessary) tnw_,rds thc r. gior
that produces the strongest correlation, or correlation peak. The system's
target image is constant and noise-free, but the incoming images often contain
extraneous signals (noise) that can disrupt the correlation pattern and produce
false peaks.

A correhition process was simulated by forming two matrices representing two
separate images. One matrix had random noise scattered throughout, and the
other matrix had no such noise, otherwise, the matrices were identical. Four
different factors were then tested for their effects on correlation:

1. Amount of contrast between the pattern and its background.
2. Amount of random noise added to pattern and background.
3. Relative size of the pattern.
4 Application of a "filtering" fun1ction1 (of variable stre-ngthi)

to the pattern and background during the correlation process.

The correlation was expected to be good except where there was very lit-ti
contras.t between the pattern and the background and -a lot of noise. It was
also expected that the filtering function would hielp improve corrcatioi in
those cases when it was poor.
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THEIRY

Photographic images can be simulated on computers by using a two-dimen-
sional matrix, or array, in which each position is given by a numerical value
proportional to the lightness or darkness of the corresponding small square
area of the photograph.. This program simulates star-shaped figures by first
mapping out a boundary around a central region, and then assigning greater
values to inner positions than to those outside. The boundary was measured
from the center of the array, and the center-to-boundary distance was com-
puted as

L = R + A cos (Nx) (1)

where R(radius), A(arm length), and N(number of arms) were input into
the program, and x was the angle between a line out to some boundary point
and a horizontal reference line. Both the inner and outer values were subject
to random variations ranging up to a certain value that was also input into
the program, thus simulating photographic "noise." These variations could
be either positive or negative.

To simulate image correlations, two separate arrays of the same pattern were
generated, one with noise and the other with no noise. (This is n'logous to
comparing a photograph of an object with a perfect image of that object and
seeing how well they match up.) A correlation array h can be computed
directly from the two image arrays, f and g, by the formula

N N

hjk = (I/N) E E fnn gm-j,.-k (2)
n=1 m=1

(Note:' f, g, and h are all assumed periodic with period N,
so finn = fm+N,n = fm,n+N and similarly for g and h).

To save computer time, a similar transformation was used, the convolution

h N N 1 N N Ahjk -n N fn gm-j,n-k ()
n=1 m=1 V=1 m=l
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-A

A = Since the arrays are two-dimensional, rotating one array
1 86 and taking a convolution is the same as taking a correlation. The con-
volution has the useful property that its discrete Fourier transform

S1 N N .21i(aj.bk)
H N e" N h (4)

b=i a=b

is a simple product of the Fourier transforms of the two image arrays,

I
H N Fjk G jk (5)

By using the Fast Fourier Transform (FFT), the Fourier transforms of any
of the arrays can be computed in substantially fewer steps than a direct cor-
relation, as in equation 2. Because of the resulting savings of computer time,
the correlation was accomplished by the following steps:

1., Flip one of the image arrays.
2., Take the Fourier transforms of both arrays using the FFT,
3. Multiply the transformed arrays together as in equation 5

to produce the correlation/convolution transform matrix H.
4., Take the inverse Fourier transform of H to produce the

correlation matrix h..

The values in h were then normalized on a scale of 0 to 10 and truncated,
their integer parts bing printed out with odd numbers left blank for better
contrast.

Some of the noisy correlations were subjected to a filt . i function, the sharp-
ness of which was dependent on an input value W. If an array size ot 128
x 128 is used, then W can characterize the width of the filtering function

1 1- )2 2 94 )21
SR e + j o ); 1 a I < 128 (6)

where a 128 W/E and a 128/a = E/W
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with E being the length of an edge of the array, (A small value of W pro-
duced a very sharp filter, and a large value resulted in a wider, less effective
one). If the Fourier transform of a matrix being correlated is given by Fjk,
the corresponding filter function is obtained by

FJk = SiSk Fjk I < ,k < 128 (7)

where the filtering has been performed over the first period. The filtering
function will tend to suppress the higher frequency components of the image,
while leaving the lower frequency components alone. Since the noise is largely
in the high frequency range, it will be greatly suppressed relative to the essen-
tial image information contained in the low frequency range.,

If considered to be periodic, the filtering function is symmetrical with respect
to the origin. This was the primary reason for using this function, which is
a combination of two Gaussian functions (one at each end of the period).
A single Gaussian centered at the origin would not be symmetrical over the
period, and one placed at the middle of the period (j = 64 or j = 65)
would introduce phase terms itito the corrlation results.

[he problem of aliasing (false correlation signals resulting from overlap of
images witn one another while performing the correlation) was considered
in this work, but the signal level in the overlap region was so low that it was
insignificant in comparison to the correlation values; thus it could be neglected.
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RESULTS

When correlation was done with a noiseless image, the correlation pattern
was very regular, with a sharp central peak fading quickly into a uniform back-
ground. This was the case whether the contrast between the star and its back-
ground was quite noticeable (as in figure 1), somewhat noticeable (as in
figure 2), or only slightly noticeable (as in figure 3). Adding noise to a high-
contrast figure broke up the edges of the correlation pattern, but the central
peak was still quite sharp and visible. Noise in a low-contrast figure disrupted
the entire pattern, although ti.ere was still a slight indication of a central peak
area (see figures 4 and 5).

Large amounts of noise are needed to cause this pattern disruption, smaller
amounts do proportionally less damage to the correlation pattern. The pro-
gression of the pattern degradation can be seen for both high-contrast and
low-contrast figures (see figures 6-13).

The smallness of the star also affected pattern disruption; the larger stars
maintained their central peak much better than the smaller ones under the
deluge of heavy noise (compare figures 5, 13, and 14).

Finally, our filter function did an excellent job of restoring badly disrupted
patterns. The "sharpness" of the filter could be varieu; a very sharp filter
(small value of W) restored the worst patterns to smoothness,, however, wider
filters (large values of W) did not work as well.

Table I contains a complete listing of the numerical values used in the pro-
grams to produce each figure. Figure 18 contains a sample printout of one
of the stars.
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TABLE 1., Values for Correlation Figures

Figure R A VIN,VIN2 VOUT,VOUT2 RNIN2 RNOUT2 W(where used)

1 20 10 8 2 0 0 -

'2 20 10 6 5 0 0 -

3 20 10 6 5.5 0 0 -

4 20 10 8 25 5-

5 20 10 6 5.5 5 5-

6 10 5 8 2 0 0

7 10 5 8 2 1 1

8 10 5 8 2 3 3 -

9 10 5 8 2 5 5 -

10 10 5 6 5.5 0 0

I11 10 5 6 5.5 1 1 -

12 10 5 6 5.5 2 2-

13 10 5 6 5.5 5 5

14 7 3.5 6 5.5 5 5 -

15 7 3.5 6 5.5 5 5 3

16 7 3.5 6 5.5 5 5 10

17 7 3.5 6 5.5 5 5 100

RNIN =RNOUT =0 for all 17 figures; NARMS =6 for all 17 figures
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CONCLUSIONS

1., The simulation produced good, centralized correlation patterns in cases
where little or no noise was involved.,

2. Correlation became poor only when contrast between the figure and its
background was low (less than 10 percent), and the noise levels were
high (greater than 90 percent of peak values).

3., The filtering function did an excellent job in restoring poor correlations,
which should make it useful for future applications.
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RNIN2-5, RNOUT2--5, W-N/A.
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RNIN2-5, RNOUT2-5, W-10.
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,ssssesssasse St. 15555 se51s5g55g5 gas e 5555555 t51551 55555i51
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assesses, sets,,e as isles lasgeges eegtal ages,,,,
5 iS gel it, seisteis 5 5,5 essla see, Sieges 5,5,55 Ill SIas; ,,,,,,, essegga lessee see ieee,,,, ass,,, asa~~,,ggg seas,,, geese, assess a, sass,,, geilgI a e as
555155 segasege III slelgelgI sea as sglilgtgll5 seesses as
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APPENDIX A - LIST OF VARIABLES

EDGE: The length of an edge - in most cases, 128.,

R: Radius of the figure, the length from the center of the figure to a

point halfway up one of the arms.

2A: The length of an arm.

NARMS: The number of arms.
(The border of the star is measured from the center of the figure
and can be expressed as R + Acos(NARMS'x), where x varies
between 0 and 360 degrees, and the distance between the center
and the edge of the star thus varies between R - A and R + A).

VIN: Numerical value assigned to points inside the star.

VOUT: Value assigned to points outside the star.

RNIN: Amplitude of random noise assigned inside the star; thus the total
value inside the star will vary between VIN - RNIN and VIN
+ RNIN.

RNOUT: Amplitude of random noise assigned outside the star; thus the
total value outside the star will vary between VOUT - RNOUT
and VOUT + RNOUT,

RRAN: The initial value for the random number generator.
When two figures were being orrelated, separate values (VIN2,
VOUT2, RNIN2,RNOUT2) were read in., In all our examples,
VIN = VIN2 and VOUT = VOUT2, RNIN = RNOUT = 0
(the noiseless image), and RNIN2 and RNOUT2 were varied as
desired.

W: Value used in filtering function; a small value of W produced a
sharp filter (noise effects on correlation substantially reduced),
while a large value of W produced a wider, fuzzier filter (noise
effects on correlation only somewhat reduced).
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APPENDIX B - LISTING OF COMPUTER PROGRAMS

PROGRA I. -AUTrCOR(.INPUT, OUTPUr, TApEg2XNpUT, TAPE6=OUTPUT)CO"PLFX C(128)
COMPLEX STAR11 STAR?COIENON SAPI( 28,iz80,STAPzi(aa

2 8 ,CALL COOL (C)
ALOUTPUT

SFAD 13 NI13 FORMAT 1I-)
READ 10EGR sARMS b'INiUvtrjRJvRA

C ALSO fRINT ORf SaArTING VILUESPRINT 2 0 9EDGE,AtNARMiVIN VOUTvRNINRMCUT RAN200 FORMAT,,04 D.. 1PIO.%3 iuXv5H R -q~~~20C15H A = 9iI .0361DX9 " NARfl = 91I5 ,OXH V N ,I1O.3,,,2~ 1o *3lX8 RNNU 9I1OJ03HRNOUT =91 F10~ 1 fxH A = ,1FI)READ ,,,VTN~zVOUTW MNIN29RNOUTZ3 FORAT4F±535Xj)
'PR INT 4 NlY~,VU2RI~ RNOUT2L' FORNAT19H TSTj~, 2j VELUS IN STARFISH = ,ZF1 3k/,4123Hf VALUE IN8AaKGRo qUND2l= lFIC.3,/,2 1 H, NOISE IN SUAR ISH -42I10* 3/ 3"NOISE IN BACK OUN - 1FlP*3)CALLSfAFSH(EDGE,RA9NARHSVlN2,VoU'~RNIN2RNOUr

2#RRANF ALL SWliT4AAALL STARFSti(EDGE RANR~V~VUqRIPNUeRNC NOW TRANSFORM THE9Ak~R s.VNV~RINU.R
NZ I
COLL T14ODEE(N)
N= 2
CALL TWOOEE(41cc NOW MULTIPLYV TOGETHER ANu TAKE CONJUGATLCOLL MUtT
N: 1
CALi. TWODEE(N)
CALL PUTOUT
CALL PCTJU1'

7CONTrNUr
STOP
END

21SUBROUTIN TA RS1(EGE 9Rs At NARNwSWIN 9VOJ T RNIk lOUT, RRAN)COMPLEX S ACOMION STAR(126 12&WHEDG~sEOGE128*1 
3Pl-3.1 4159

TPI 0 1. 
ICDOJ obO Lr'laez

00 1oa0 j.m 9128XX*w(FLOAT(fl,.64 ):HEDGEY=C6,95-FL.JAr(JsI )HEDGE

RSQR T(XXfXX+vYY.yrALFA*ACOS (XXfRRIIF(VY 08 kAUTPX;ALFARFISH= 0S(4 IOS*ALFA)IF(R.RFrSHel,
1,2

l~fR~N*Nis*0IST m4l ,JJ)uCI 9LXtVIN4RNMM(2.fl4RANF(RiUN).±..),
GO TO l1O

2 SIARIJJb - MPLX(VOUI9o
IFIRNOUi .NE*6.0, STARfI LJJa-CMPLX(VO .TRMODUr(ZG,*RF 

* .M-I..

kETURN
ENO



APPENDIX B Continued

SUBRUUTINE COOLMC)
tOPPLEX C.(12810jw.(s.6)c

DO 0 J128
IF (11 4 7(?-K)) 1,2,2

1 NIS-PCI:O
GO TO 3u

4 M=1972

12.
MRS 1+1Z63

WRxCOS (AR )
ul-SI NI*PG)

DO INa6

0 200 NKxl
"UHMI)m2*00I-NK)

2s0 CtINTINuIF
PETURN
rNTRY TORNS
Do 600 LEVEL:116

I BOT*L0EL*1
LOuhDEL-I

400 CCz (ITOVI
C(IT3P)=C ,C(ISIT)
C(Itl0T)W~-c(r8OT)-] DO 500 1 zl,LD
ITOP=ITOP41

C(T8OT)., (LEVEL.IP)S(CC..C(IBO0T)I
spCONTINUE
IIOTefo.±2v) GO T0 600T OP=~ TO +1E
GO T0 40cc16

CC=CIm)
C (M) vC EVt (Mml

700 CONTINUE
00 0100 L=1,126 i
IF (Lt6S*K) SO TO MU
CtaC ( )
IL C(K)

400' CONTINUE
CNO
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APPENDIX B -Continued

SUBROUTINE'NULT
COMPLEX STA~i,STAR2,CC
COMMNON STAPII 28,12 1,STARZ(128,1281
DO 1 IwitI128
DO I J=19128

STARI( IVJ=C01JG(CC)
I !CONTIN

RETURN
END

PROGRAM A AUTOA, DR4 INPUT, OU TPUT9,TAPE5=1INPUT9 TAP E6=OUTPUT)
OMPLEX C(1281
SOMP LEX SITARI STAR I8COMMON SARI( 28,1 IZeSTAR2(1286,U8I

CALL OUTPUT(0
CALL CUOL(C)
READ MI.NT FORMAI I3
00 30wu j b4
READ IGO GE R ANARM I V 0RI 3ToRRAN

Wii FORMAT (31I0.& 1N NSj3 ,/ VIN *q VOTR IRU,
C ALSO PRINT 3Uf STA T NG VALUES

PRINT 2d0#EO!- , R9ANARMSvVINqVOUTYRNINRNOUT, RRAM
200 FORMAT(/t8H ED DE a . IFIU.391OX,5H R a 91F±blg.3,
2OC15H A x,1FIO.3 IO1X 9H NARN.a =15O ill VIM a *IFIO.39/,
20L~28H yOUT x tIF tos1Xq8H RNIN aolo67i
2uC39H RNOUT = JFIG3 1 tiSA RRAN aIIS 9 63

C NOW GENERATE THEsAARAY
ioALL STAR FSHI EDGE9 RtAt NARMS9 VIN9 VOUTqRNINqRN0UT, RRAN)
CALL SWITCH'
READ 10±, VIN~, VOUT2qRNIN2,RNOUT2

101 FORMAT(4 I F1O.35X)
PkINT 4 VIN2 V3UT2,RtNIN2tRNOUT2

4 FORMATUIH VALUE IN STARFISH , I1IO3919
'uIZJH VALUE IN BA;<GROUNJ a ,IF±G.SSZIH IDISE IN STARFISH
*21FD03f/ 23H1 NOISE iN BACI(LaROUND a ,1F1O.31
CALL TS AAFS1(EDGE,R A NARHS,'VIN2,VOUTZR4lN2,9RNOUT29RRAN)

C NOW TRANSFORI THE AYS

CALL TWODEE'qI
M422
CAL4 TW0OiES(b)

cc NOW 4UILTIFLf TOGETHER AND TAKE CONJUGATE
CALL NULT

C NOW FILTER AS uFTEN AS DESIRED
READ 79m?
0O 30.. jujNT
iAALL STORE
Nzv 2
SCALL FILTERINEDGE)CALL OPER(N,TEDGEi

,ALL P UTO bI (04
CALL POsUUT(4)

3 O CONTINUE
END
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APPENDIX B -Continued

SUBROUTINE FrLERiI(N, EDGE)
COMPLEX STAR
COMMON SrARyl259125921
DIMENSION S(1291

2 ONAT1F16.51

5 FORMATdM W

X XP ais.
IF(A*LE*25.0J KKP=EXP(-A*A)
CONS 1:1 SFX
Alz (FL OAf (li))/SIGMA

IF('AILE.2. 0IYXP=EXPf-Aa*AL)
A2m4FLOAfIIZ9I1)I/SIGMA

IF(A~ -LEWSW0)XP=EXP4-A2*A2)
S(II.GONSTO VXW4XP)

3 CONTINUE
RETURN
ENTRY OPFR
00 4 julolks
00 4v Knit 12S
STAR(J~v , (N)=srAR(JICNJ31(J)SfKl

I. CNTINUE
R.ETURN
END

SUBROUTI NE OJTPUr
S OMPLEX STARCOMMON ST AR(12S,1281
DIMENSION ALINE(128)ICA~l

RETURN
ENTRY PUTOUT
BIGxREAW STAR(1l )

DO too 1 '1,128
00 1O0 iJ 11128

IF (Z .L T*SMLL)MA.L LaZ

k0 ANGNUI~-SMALL
~' I110 FORMAT (IHI)

no 200 JZ
00 1~54i 1=1 128
MMIO10 (RE L(SrAR(II9JJI)-SMALL)/RANGE#L.5
ALINEi4Il)ACHAR(MMI

150 CONTINUE
PRINT 160,(ALINE1IhI1Z18)

&60 FORMAT I5X9128A11
200 CONTINUE

PRINT 25OSMALL9 BIG RANGE
250 FORMAT (1111#411 I H §MALLEST VALUE a 91PLE10.3,l,1?N LARGEST VALUE
2561 = 91P1E10.3,l, HIANGL a vIPlElO.)

RETURN
NTRY POTUUTRINT 270

27C FORMAT (31H O.-TAILEO PRINTOUT OF 65TH ROW )
READ 3uO.XCH44

300 FORMATQMII
00=290 A2z1 LZ
NI 100 Of( LSTARI265))-SMAL&I/RANGE91.5

PUINT 3iQI2vdXCHARpIwl9Nl)
310 FOR4AT(lX,114,3X,1ilAl)
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APPENDIX B - Continued

SUBROUTINE SWITCH
COMPLFX STAR1, TAR?
COMMON STARlql26q±28),STAR2112s,8z,)
DO 1j8 II=i,128
00 79JJ=l 128
STAR2(ITJJzSTARI (129-IIoig-jj.

701 CONTINUE
PETURN
END

SUBROUTINE T43DEE(Nh
, OMPLEX C(128)
i.OMPt.EX STAR
COMNON SrAR(128,128t2)
00 ZOO I=1,i8
0O 106 J=1,128
C(J)=STARIJtIN

14a0 CONTINUE
NOW THE COLUMN WILL BE TRANSFOR9ED
CA.LL TRANS(C)

C NOW THE 1RANSFORNEO COLUMN WILL BE PUF BACK IN THE ARRAY
00 200 JJu1tt28
STAR(JJ INJ:CtJJ)

ZO CONTINUE
C NOW EACH ROW OF THE NEW ARRAY WILL BE TRANSFORMEo

DO 400 L=9,128
00 3i0 K-1 128
C (KI =STAR ( , N)

360 CONTINUE
CALL TRANS(Cl00 400 M=l 128
STAR (LtMN N= (")

400 CONTINUE
RETURN
END
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